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Introduction
Muscle spindles are sensory receptors specialized for monitoring changes in muscle length. They consist of an encapsulated bundle of small-diameter muscle fibers, the intrafusal fibers, which receive both sensory and motor innervation (reviewed in 2,4). Three types of intrafusal fibers, i.e., nuclear bagl, nuclear bagz, and nuclear chain fibers, have been distinguished on the basis of the acid and alkaline stability of their myofibrillar ATPase activity (45). Each intrafusal fiber type has distinct morphological and physiological characteristics (2,4) that differ considerably from those of the extrafusal fibers. In addition, intrafusal fibers are unique in expressing myosin heavy chain (MHC) isoforms that are not present in limb extrafusal muscle fibers, such as slow-tonic MHC (18,33,46, 51,55,70,71) and a-cardiac MHC (47,49,72), and MHC isoforms typical of muscle development, such as embryonic MHC (18,38) and neonatal MHC (46,48,55). Furthermore, the expression of some MHC isoforms is not uniform along the length of the intrafusal fibers in rat hindlimb muscles (46,47) and in human lumbrical muscles (Thornell et al., unpublished observations) . Skeletal muscle development is an asynchronous process involving distinct generations of muscle fiber precursors that undergo sequential transitions in expression of their structural and regulatory proteins. Special attention has been paid to the transitions in MHC expression in developing muscles of birds (41,43,66) and mammals (6,8,11,14,36,37,44,73), including humans (1,16,17,42, 52,69). In general, first-generation myotubes express embryonic and slow-twitch MHC, followed by either fetallneonatal and slow MHC or fetallneonatal and fast MHCs or fetallneonatal slow and fast MHCs. Second-generation myotubes initially express embryonic MHC, followed by fetallneonatal and then either slow or fast MHC. The embryonic and fetallneonatal MHCs cease to be expressed in extrafusal fibers during the late prenatal or early postnatal period, after which only adult slow and fast isoforms are present (1,6,20,44), with the exception of the masseter muscle extrafusal fibers (5.63).
Strikingly, the vdst majority of studies deahg with musde development have not focused any interest on the musde spindles. The pattem of MHC expression in developing intrafusal fibers has recently been studied in detail in rat hindlimb muscles (30,32,48,50). Preliminary studies on human muscle spindle development (54,70,71) show that first-generation myotubes expressing slow-tonic MHCs are the nuclear bag fiber precursors. However, detailed information on possible transitions in MHC expression and on fiber number and the order of appearance of each intrafusal fiber type in human muscle spindles is lacking.
This work extends our previous findings (70,71) on the expres-PEDROSA-DOME~F, THORNEU sion of MHC isoforms in human fetal muscle spindles. Nuclear bag precursors were identified as primary myotubes expressing slowtonic MHCs, in addition to slow-twitch, fetal, and embryonic MHCs from 10 weeks of gestation. A second generation of myotubes that expressed embryonic and fetal MHCs formed close to the primary nuclear bag precursors. One or more of these secondary myotubes later expressed slow-tonic and slow-twitch MHCs and, therefore gave rise to nuclear bag fibers. The second-generation myotubes that expressed fetal and embryonic MHCs but did not acquire slow-tonic or slow-twitch MHCs gave rise to the nuclear chain fibers.
Materials and Methods
Human specimens were obtained from legal abortions. This investigation was approved by the Medical Ethical Committee of the University of Umei, Sweden. Estimation of the gestational age was based on the time of amenorrhea and on the crown-rump and crown-head length of the fetuses. Samples from the upper and lower limbs were collected from two fetuses of 10, 11, and 14 weeks of gestation (wG), three fetuses of 16 wG, one fetus of 18 wG, three fetuses of 20 wG, and one fetus of 25 wG. A 20-wG sternocleidomastoid muscle was also available. Sections of the whole limb (10-14 wG) or of the dissected muscles (biceps and triceps brachii, quadriceps, tibialis anterior, extensor digitorum longus, soleus, and gastrocnemius) were rapidly frozen in propane chilled in liquid nitrogen. Series of 10-100 crosssections 5-8 pm thick were cut in a Reichert-Jung cryostat (Nussloch, Germany). Short series of longitudinal sections were also obtained from some fetuses at 10-11 wG. Sections were processed for immunocytochemistry (64) with previously characterized monoclonal antibodies (MAb) and a polyclonal serum, each recognizing distinct MHC isoforms. MAb ALD 19 against chicken anterior latissimus dorsi (ALD) myosin was initially described to stain mammalian Type 2 fibers (59) . However, at high dilutions this MAb shows strong affinity for slow-tonic MHCs (71) and stains Type 2 fibers very weakly. MAb ALD 19 strongly stains all fibers in chicken ALD muscle (59) and stains a subpopulation of slow-tonic fibers (49) in the extraocular muscles. In addition, this MAb does not react with heart muscle (a-and S-cardiac MHCs). rat diaphragm (2x /2D MHCs), or the extrafusal fibers in cat masticatory muscles (super-fast MHCs). On the basis of this, we consider this MAb to have a strong affinity for slow-tonic MHC.
MAb 9812 (28) was raised against human myosin and specifically recog nizes slow-twitch MHCs. MAb 2B6 (21) is specific for embryonic MHCs and does not crossreact with fetal or adult fast or slow MHCs in human muscle. MAb F88.12F8 (Sera-lab; Sussex, UK) was raised against human a-cardiac MHCs and binds specifically to this MHC in rat and human (12,13,47,50; and J. Leger, personal communication). The polyclonal antiserum NN5 against rat myosin specifically reacts with neonatal MHCs in rat (6) and with fetal MHCs in human muscle (5). We refer to this antibody as being specific for fetal MHC. MAb B4 against myomesin, a myofibrillar M-band protein of M, 185,000 (22), was also used in some sections and strongly stained all intra-and extrafusal fibers. MAb Dako-NF (Dakopatts; Glostrup, Denmark) against the neurofilament 68 KD subunit (24) was used to detect neurons. Finally, a polyclonal antibody against laminin (>8), purchased from E-Y Labs (San Mateo, CA), was used to label extracellular basement membrane components.
The tissue sections were air-dried for 20-30 min and then incubated with 5% normal rabbit serum (Dakopatts) for 15 min to inhibit unspecific staining. The sections were then incubated with the appropriate primary antibody for 1 hr at 37°C. The primary antibodies were diluted in 0.1 M PBS with 0.01% bovine serum albumin to 1:200, 1:400 (ALD 19), 1:200 (9812). 1:50 (2B6), 1:1, 1:lO (F88.12F8), 1:50, 1:80 (NNS), 1:4 (B4), 1:20 (Dako-NF), and 1:lOO (laminin). The sections were washed in 0.01 M PBS for 15 min and then incubated again with normal rabbit serum for 15 min, followed by incubation with rabbit anti-mouse IgG (Dakopatts) for 30 min at room temperature. After washing in PBS for 15 min, the sections were incubated with mouse peroxidase-anti-peroxidase (Dakopatts) for 30 min and then washed in PBS for 15 min. Normal swine serum, swine anti-rabbit IgG, and rabbit peroxidase-anti-peroxidase (Dakopatts) were used on the sections treated with the antibodies against fetal MHC and laminin. Peroxidase developing was obtained by applying a solution containing diaminobenzidine and H202 for 3-10 min, followed by rinsing in running water for 5 min. Finally, the sections were dehydrated in graded concentrations of ethanol followed by xylene and mounted with DPX (BDH; Poole, UK). Control sections were treated as described except that the incubation with the primary antibody was omitted. In sections double stained with MAb ALD 19 and Dako-NF, and in some of the sections stained with MAb ALD 19 alone, counterstaining of nuclei was obtained with Mayer's hemalum. Some of the sections used in the present study were part of a series in which the reactivity of muscle spindles to other antibodies was also investigated (70, 71) .
All muscle spindles in each series of sections were surveyed. Fifteen to 30 muscle spindles were randomly chosen and further studied in detail at each given age. The sections were photographed with an Olympus Vanox (Tokyo, Japan) microscope.
Results
In general, the muscles in the upper extremity appeared slightly more mature than those in the lower extremity, at any given age. There was also a difference in maturation among the muscles in the upper and lower extremities. Unfortunately, these differences could not be studied systematically owing to the limited collection of samples available and the difficulties in identifying the muscles with certainty. At the early fetal stages there were some difficulties in matching the myotubes from one section to another owing to the loose organization of the muscles.
Ten to Eleven VeeAs of Gestation
At 10-11 wG the muscles in the upper and lower extremity consisted of loosely arranged first (large diameter)-and second (small diameter)-generation myotubes ( Figure 1 ). One to two secondary myotubes were found in close apposition to most of the firstgeneration myotubes.
A small subpopulation of single primary myotubes was moderately to strongly stained with the MAb against slow-tonic MHCs ( Figure 1A) ; the rest of the myotubes were unstained. The moderately to strongly stained primary myotubes are the nuclear bag fiber precursors (70, 71) . They were often distributed over restricted areas of the muscles and were indistinguishable from the rest of the primary myotubes with regard to size and pattern of staining with the other antibodies.
In general, the nuclear bag precursors and the rest of the primary myotubes were strongly to moderately stained with the MAb against slow-twitch MHCs ( Figure 1B ) and moderately stained with the antibody against fetal MHCs ( Figure IC) . The second-generation myotubes were unstained or very lightly stained with the MAb against slow-twitch MHCs and strongly stained with anti-fetal MHCs. All first-and second-generation myotubes were strongly stained with the MAb against embryonic MHCs and were unstained with the MAb against a-cardiac MHCs (not shown).
At 11 wG a few nuclear bag precursors had a secondary myo- The strrigly stained myotubes are nuclear bag precursors. They were most often seen as single myotubes (A), but pairs of nuclear bag precursors. either separated (6) or in close contact (C,D) were also found. The muscle spinales in C and D are shown in E and F, respectively, with phase-contrast. Note the nascent myotubes/myoblasts (arrowheads) in close apposition to the nuclear bag precursors. Original magnification x 320. Bar = 20 vm.
sor was clearly largcr than the orhcr. Diffcrenccs in staining intcnsity with thc MAb against slow-tonic MHCs bcrwccn thc mvotubcs wcrc also sccn in somc cascs. Whcn cxamincd by phasc-contrast. one to thrcc myoblasrslnasccnt myotubcs wcrc seen closc to somc of thcsc pairs of nuclear bag prccurson (Figurcs 2E and 2F).
In sections doublc staincd with MAb against slow-tonic MHCs and ncurofilamcnt prorcin (subunit 68 KD). dircct contacts bctwccn ncrvc branchcs and nuclcar bag prccunors wcrc obscrvcd ( Figure  3 ). Somc of thcsc ncrvc branches cncirclcd a nuclcus-rich rcgion of thc futurc bag fibcr in a spiral fashion. Pairs of nuclear bag prccurson lying parallel to cach othcr and in the vicinity of or in direct contact with ncrvc branches wcrc also obscrvcd ( Figure 3A ).
Fourteen to Sixteen Weeks of Gestation
Dmloping musclc spindlcs were morc numcrous than at 10-11 wG and diffcrcnt stages of maturation wcrc obscrvcd (Figurc 4). Thc majority of thc musclc spindlcs consisrcd of a nuclcar bag prccunor with onc to four sccondary myotubcs in closc apposition (Figurcs 4D-4H). Whcrcas the reactivity of thc nuclcar bag prccur-. (Figure 4E ) varied from strong to very weak, they were always moderately stained with the antibody against ktal MHCs ( Figures 4F and 4H ). The vast majority of the nuclear bag precursors were moderately to strongly stained with the MAb against a-cardiac MHCs.
In most muscle spindles the secondary myotubes were unstained with the MAb against slow-tonic and slow-twitch MHCs ( Figure   4D and 4E). When a single secondary myotube was present in the muscle spindle it was always strongly stained with the antibody against fetal MHCs. On the other hand, when several secondary myotubes were present, one ofthem tended to be moderately stained with anti-fetal MHCs ( Figure 4F ), whereas the rest were strongly stained. In a few cases one or two of the secondary myotubes in the m d e spindle were already moderately to strongly stained with the MAb against slow-tonic ( Figure 4B) , slow-twitch (not shown), and a-cardiac MHCs (Figure 4C ) and were moderately stained with anti-fetal MHG, staining was therefore similar to the primary bag precursors. One muscle spindle containing four nuclear bag precursors and three other secondary myotubes was found at 16 wG. Interestingly, the intrafusal fibers in this particular muscle spindle seemed to diverge and separate into two distinct muscle spindles, containing two nudear bag precur~~rs each (not shown). When muscle spindles were traced over a distance of approximately 100 pm, the ends of the second-generation bag precursor lacked reactivity to the MAb against slow-tonic MHCs. In general, all secondary myotubes in the muscle spindle had a smaller diameter and were shorter than the primary nuclear bag precursor. In some muscle spindles the secondary myotubes were arranged in a circle around the primary nuclear bag precursor (not shown), whereas in other cases some of the secondary myotubes lacked direct contact with the primary nuclear bag precursor ( Figures 4F and 4H) . A few pairs of nuclear bag precursors similar to the ones described at 10-11 wG, were also present ( Figure 4A ). The pattern of staining of the e x m f i d myotubes remained unchanged and the MAb against embryonic MHC ( Figure 4G ) still stained all myotubes strongly.
Eighteen to Twenty Weeks of Gestation
At this age the muscle fascicles had a more organized appearance and consisted of closely arranged myotubes or fibers of large and small diameters. The muscle spindles were often located in connective tissue septa.
In most muscle spindles an equatorial region was clearly seen where the intrafusal fibers were stained only at the rim ( and one or two small-diameter fibcrslmyotubes. men when traced over a distance of at least 100 pm ( Figure 5 ). All nuclear bag fibers were strongly stained with the MAb against slow-tonic MHCs ( Figures 5-8 ). In the equatorial region one or more nuclear bag fibers in each muscle spindle tended to be moderately to weakly stained with the MAb against slow-twitch MHG. whereas the remaining nuclear bag fibers were strongly stained (Figures 5B. 6B and 8C). Outside the equatorial region all nuclear bag fibers were, in general. strongly stained with this MAb (Figure 8G) 6C . 8D. and 8H). AI1 presumptive nuclear chain fiberslmyotubcs were unstained with the MAb against slow-tonic, slow-twitch. and a-cardiac MHCs and were strongly stained with the antibody against fetal MHCs (Figures 5 , 6 . and 8). Both types of intrafusal fibcrslmyotubcs and the cxtrafusal fibers were strongly stained with the MAb against embryonic MHCs (not shown).
The nuclear bag fibers often had a similar diameter in the spindle midportion, but the diameter of one or more of them tended to decrease towards the poles. A very short, small-diameter nuclear bag fiber was present only in the midportion of a muscle spindle (not shown). As seen in Figure 7 . the relative position of the fibers varied along the length of the muscle spindle and the fibers tended to be spread out towards the polar ends.
Differences in diameter were also apparent among the presumptive nuclear chain fibcrslmyotubes in the muscle spindles, although they all tended to be smaller than the nuclear bag fibers. In addition, the future nuclear chain myotubes were, in general, shorter than the future nuclear bag fibers. In sections stained with the MAb against laminin. some of the nuclear chain mvotubes were seen to share a common basement membrane with one of the nuclear bag fibers (Figure 6D) . whereas in other muscle spindles all precursors had separate basement membranes.
AI1 mtrafusal myotubeslfiben were unstained with the MAb against a-cardiac MHCs. Random cxtrafusal myotubeslfibers cor- responding to the primary myotubes at earlier stages were strongly stained with the MAb against slow-twitch MHCs (Figures 5B, 6B , and 8G) and weakly stained with the antibody against fetal MHCs (Figum 5C, GC, and 8H). In contrast with the previousstages. thew myotubeslfiben were now weakly stained with the anti-slow-tonic MHC MAb ( Figures 5A. GA, 8A, and 8E ). The remaining m p tubeslfibers were unstained with the MAb against slow-tonic MHCs and were strongly stained with anti-fetal MHCs. These fibers displayed heterogeneous reactivity to the MAb against slow-twitch MHCs. particularly in the sternocleidomastoid muscle ( Figure GB) . A further increase in the size of both extrafusal fiber types was apparent by 20 wG.
Twenty -five Wee& of Gestation
The number and staining pattem of nuclear bag fibers in most muscle spindles were as described at 20 wG. However, the number of nuclear chain fibers per muscle spindle had increased up to w e n .
No differences in the staining pattem of the nuclear chain fiben were noted compared with 20 wG. but these fibers appeared more mature and separated from the nuclear bag fibers.
The extrafusal fibers strongly stained with the MAb against slowtwitch MHCs tended to be moderately to lightly stained with the MAb against embryonic MHCs. The pattern of reactivity of the extrafusal fibers remained otherwise unchanged.
Discussion
In the present study we showed that first-generation myotubes can be separated into two types from 10 wG. The minority of myotubes expressing slow-tonic MHCs in addition to slow-twitch. embryonic, and fetal MHCs will develop into muscle spindles, whereas the majority of myotubes will develop into extrafusal fibers. This is an important finding, as first-generation myotubes in mammals have been considered homogeneous (7,8,14,1G,17,27.44.52) .
The development of muscle spindle fibers with regard to the I * 9 6 A expression of MHC isoforms differed from that of extrafusal fibers. Developing muscle spindles were identified from 10 wG as single primary myotubes expressing slow-tonic MHO, in addition to slowtwitch, embryonic. and fetal MHG. T h a e myotubes later also expressed a-cardiac MHG. A second generation ofmyotubes. closely apposed to the primary nuclear bag precursors, initially expressed embryonic and fetal MHG only. Later, the number of secondary myotubes in relation to each nuclear bag pmursor increued. One or more of the secondary myotubes in the spindle acquired expression of slow-tonic and slow-twitch MHCs and therefore developed into nuclear bag fibers, too. Some of the secondary myotubes that gave rise to nuclear bag fibers also acquired a-cardiac MHG. The secondary myotubes that expmsed embryonic and f e d MHG but did not acquire slow-tonic. slow-twitch, or a-cardiac MHO gave rise to the nuclear chain fibers. The sequence of appearance and pattern of MHC expression of primary and secondary myotubes giving rise to the intrafusal fibers are schematically illustrated in (53) identified muscle spindles in the limb muscles at 11 wG, based on the presence of sensory neuromuscular contacts. In an extended immunocytochemical study of rat muscle spindle development (48), we confirmed that the primary myotubes that express slow-tonic MHCs are indeed destined to become nuclear bag fibers and are the earliest muscle spindle precursors detectable. The development of muscle spindles was asynchronous, particularly up to 14-16 wG, and muscle spindles at different stages of maturation were seen within a single muscle and among different muscles. This implies that the sequential scheme of development presented above is general and that rigid time intervals cannot be given. It should be noted, however, that a consistent pattern of expression of MHC isoforms was observed. Expression of slow-tonic MHCs detected with the same MAb as in the present study was not found in the human quadriceps muscle before 10 wG (1).
The order of appearance of nuclear bagz and bagl fibers could not be established with certainty. In rat (30,35,40,48,50) and cat (39) muscle it has been possible to closely follow all stages of intrafusal fiber development and, based on morphological (36,39,40) and immunocytochemical data (30,48), it has been established that the nuclear bagz fiber is the first to arise, followed in order by the nuclear bagl and the nuclear chain fibers. As a rule, muscle spindles in these two species contain only one nuclear bag2 and one nuclear bagl fiber and the nuclear bag2 precursodfiber is clearly the thickest and the longest in the muscle spindle from the early stages (39,40). Human muscle spindles are more complex and often contain more than two nuclear bag fibers (see below). Furthermore, fiber diameter (29) and length are not reliable criteria for distinguishing nuclear bag1 from bag2 fibers in human muscle spindles. Although Kucera and Dorovini-Zis (29) reported that the nuclear bag2 fiber in muscle spindles of adult human intercostal muscles is longer and often has a larger diameter than the nuclear bagl fiber, we have found that the nuclear bagl fiber is often the longest fiber in adult human lumbrical muscles (Thor-ne11 et al., manuscript in preparation). In the present study a tendency for one (or more) of the nuclear bag fibers to be thicker and longer than the other(s) was indeed observed, but it was not a consistent finding. We believe that most likely the first-generation bag precursor gives rise to the nuclear bag2 fiber and the secondgeneration bag precursor develops into the nuclear bag1 fiber, because the pattern and sequence of MHC expression presented here for the human first and second generations of nuclear bag precursors closely resemble those reported for the rat (48) nuclear bag2 and bagl precursors, respectively. However, it should be noted that the development of muscle spindles in human and rat muscle differs significantly. In rat muscle spindles each individual fiber precursor has a distinct time of appearance, i.e., only one nascent myotube is present in each muscle spindle at any given time during development (35, 48) . In contrast, several secondary myotubes were simultaneously present in developing human spindles. These sec-ondary myotubes differentiated along different paths. Some of them acquired slow-tonic and slow-twitch MHCs and gave rise to the nuclear bag fibers, whereas the others became nuclear chain fibers despite the presence of the common afferent innervation from the earliest stages (10).
A tendency for one or more of the nuclear bag fibers to be less stained with the MAb against slow-twitch MHCs in the equatorial region was noted from 18-20 wG. This indicates that these are nuclear bagl fibers, as in adult nuclear bag1 fibers slow-twitch MHCs are present only along the poles (Thornell et al., manuscript in preparation).
An important question in human muscle spindle development concerns the formation of muscle spindles containing more than one nuclear bag2 and one bag1 fiber. Some of the pairs of primary nuclear bag precursors (Figure 2) seen at 10-14 wG are likely to belong to single muscle spindles, therefore giving rise to two nuclear bag2 fibers. Thereafter, one or more nuclear bagl fiber forms in relation to each nuclear bag2 fiber, resulting in the formation of muscle spindles containing multiple bag fibers. In the early stages of rat muscle spindle development, the nuclear bag2 precursors are often clustered in restricted areas of the muscle (34,48), although each bag;! precursor will form an independent muscle spindle. However, some of the pairs of primary nuclear bag precursors observed in the present study were definitely in close apposition to each other and it does not seem likely that they will give rise to separate muscle spindles.
Human muscle spindles from a variety of muscles have been reported to contain two to four nuclear bag fibers (9,29,56,57), with 80% containing two to three bag fibers (57). Muscle spindles containing only one nuclear bag fiber seem to be rather unusual (9,57), and we found no reference in the literature to muscle spindles lacking nuclear bag2 fibers. The number of nuclear chain fibers per muscle spindle has been reported to be five to eight in 85 % of cases in a large sample (57). On the basis of this, our results show that the total number of intrafusal fibers per spindle seems to have already been attained by 25 wG, and the full complement of nuclear bag fibers is present from 18-20 wG. Since the muscle spindles in the masticatory muscles are highly complex and may contain up to 59 intrafusal fibers (19), they should be considered separately.
The factors involved in regulation of the number of fibers per muscle spindle remain unknown, but it is possible that motor innervation plays a role. An increase in the number of intrafusal fibers has been reported in rat muscle spindles as a result of different experiments, all involving motor denervation (15,23,34,60-62) . It is noteworthy that important diversity with regard to both the total number of fibers and the number of each fiber type is seen in human muscle spindles (9,29,56,57; and Thornell et al., manuscript in preparation). This diversity probably reflects differences in functional specialization and, as shown here, it arises rather early during development.
A very important question regarding muscle spindle development concerns the origin of intrafusal fibers. The expression of slowtonic MHCs in a subpopulation of primary myotubes provided the first evidence of heterogeneity among the first-generation myotubes in human muscle and raised the question of whether intrafusal fibers originate from distinct myogenic cell lineages (71). Traditionally, intrafusal fibers have been thought to arise from undifferentiated myotubes that are triggered to undergo differentiation by the influence of afferent innervation (75). A number of experimental studies involving denervation, selective removal of afferent or efferent innervation in the late fetal stages or shortly after birth (31,33,61,68,74-77 ). undoubtedly show that sensory but not motor innervation plays a key role in the emergence and maintenance of muscle spindles. Of special importance (see below) are the observations that several afferent nerves initially contact each nuclear bag2 precursor (34), whereas only one primary afferent nerve commonly innervates all intrafusal fibers in the adult muscle spindle.
A new concept of myogenesis has developed during recent years. The formation of functionally and biochemically distinct types of muscle fibers seems to result from early, nerve-independent commitment of myoblasts to distinct myogenic cell lineages (25,26, 66,67), followed by modulation of expression of different contractile proteins by external cues (65,67). This concept is in line with the observations on the development of intrafusal fibers (48,50,71). As shown previously in rat (48,50) and in the present study in human, different populations of fibers, each with a unique sequence and timing of MHC expression, which in tum differ from those of the extrafusal fibers, give rise to the nuclear bagz, bagl, and chain fibers, despite the presence of a common afferent nerve from the early stages.
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